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W
e present the synthesis of a new
coordination complex that in-
corporates discotic ligands ori-

ented orthogonally to a central discotic

unit. Scanning tunneling microscopy (STM)

data are presented that show the self-

organized structures formed by the dis-

cotic ligand and the complex on highly or-

dered pyrolytic graphite (HOPG) surfaces.

Discotic molecules substituted with alkyl

chains have been shown to self-organize

into columnar mesophases.1,2 The most in-

tensively studied mesogens are based on

triphenylenes, phthalocyanines, porphyrins,

and, more recently, hexa-peri-hexabenzo -

coronenes (HBCs). The HBC mesogens con-

sist of a rigid, planar polycyclic aromatic

core of 42 carbon atoms, substituted with

long alkyl chains at the periphery. Nanoseg-

regation of the aromatic and alkyl compo-

nents into one-dimensional columnar su-

perstructures is stabilized by overlap of

�-orbitals on adjacent molecules (���

stacking). The interaction between adja-

cent aromatic cores provides a pathway for

one-dimensional charge transport, a prop-

erty that has attracted some attention.3,4

HBC-based materials show relatively high

charge-carrier mobilities, as determined by

pulse radiolysis time-resolved microwave

conductivity measurements and are consid-

ered strong candidates as semiconductor

materials in field-effect transistors, photo-
voltaic cells, and light-emitting diodes.5–7

Thin films of HBCs with extremely long-
range order have been prepared using solu-
tion techniques on glass8 and treated silica7

surfaces. The compounds used to form
these structures typically have D6h symme-
try with symmetrical substitution about the
periphery.

There are very few reports of the use of
HBC compounds as ligands for coordination
compounds.9–13 Recent advances in syn-
thetic techniques,14 especially in the area
of HBCs with unsymmetrical peripheral sub-
stitution, have enabled the preparation of
HBC compounds with substituents that act
as ligands in metal complexes.10,11,13 In this
report, we describe the synthesis of an HBC
compound with an appended pyridine
group, which is subsequently doubly coor-
dinated to a ruthenium metal center in a
phthalocyanine complex. This synthesis
combines two archetypal discotic mol-
ecules in a mutually orthogonal geometry.
STM experiments are used to probe the ef-
fect of molecular shape and disposition of
the discotic units on the self-organized
structures formed on graphite.

RESULTS AND DISCUSSION
Synthesis. Scheme 1 shows first the syn-

thesis of the HBC-pyridine compound, 1. A
Suzuki-type coupling reaction15 was used
to couple 2-bromo-5,8,11,14,17-
pentadodecylhexa-peri-
hexabenzocoronene16 with the pinacol es-
ter of pyridine-4-boronic acid to give 1 in
good yield.

The 1H NMR spectrum of 1 contains sig-
nals in the range � 2.98 – 0.90 assigned to
the peripheral alkyl groups, and proton
resonances associated with the pyridine
group are observed as doublets at � 8.85
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ABSTRACT A new coordination complex that incorporates discotic ligands oriented orthogonally to a central

discotic unit has been synthesized, and images of self-organized structures on highly oriented pyrolytic graphite

have been obtained. Scanning tunneling microscopy images show that the combination of the orthogonally

disposed discotic components results in significantly different self-organized structures compared to those of the

ligand, which contains a single discotic unit.
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and 7.57. Resonances assigned to the protons of the

HBC core are observed as six broad singlets in the range

� 8.28 –7.82. The mass spectrum of 1 shows the major

signal as an envelope of peaks at m/z � 1442, with an

isotope pattern matching that calculated for C107H141N.

The UV–visible spectrum of 1 is shown in Figure 1

(dotted trace). HBC compounds generally have three

main electronic absorption bands. The weakest, the

symmetry-forbidden �-band, appears at the lowest en-

ergy. This band has been assigned to a transition from

the second highest occupied molecular orbital

(HOMO-1) to the lowest unoccupied molecular orbital

(LUMO).17 The p-band occurs at intermediate energy

and has been assigned to the HOMO–LUMO transition.

The highest energy absorption, the �-band, is generally

the most intense and has been assigned to a transition

from the HOMO to the second lowest unoccupied or-

bital (LUMO�1).18 In the spectrum of 1, the �-band is

observed as a series of peaks at 445, 449, and 470 nm,

with a relatively low molar absorptivity (1560 –3500

M�1 cm�1). The relatively narrow p-band is observed

at 395 nm, while the �-band comprises a series peaks
between 316 and 365 nm, the latter being the most in-
tense of the spectrum (118 800 M�1 cm�1). Interest-
ingly, the spectrum of 1 is similar to that of the sym-
metrically substituted 2,5,8,11,14,17-hexadodecylhexa-
peri-hexabenzocoronene.19 Müllen et al. recently
showed that the alkyl substituents have virtually no ef-
fect upon the electronic spectra of HBC compounds,18

and as observed here, substitution of one C12 chain

Scheme 1. Synthesis of 1 and 2.

Figure 1. UV�visible spectra of 1 and 2.
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with pyridine also has little impact on the electronic

spectrum.

The synthesis of the coordination complex 2 is also

shown in Scheme 1. Replacement of the labile benzoni-

trile ligands of [PcRu(NCPh)2]20 with HBC-pyridine

ligands afforded 2 in moderate yield. In contrast to the

precursors, 2 exhibits low solubility in chlorinated sol-

vents and requires the use of carbon disulfide mixtures

to effect purification and solution characterization.

The 1H NMR spectrum of 2 contains signals corre-

sponding to the phthalocyanine ring protons at �

9.32 and 8.02, and HBC core protons between � 8.57

and 8.07 (broad singlets). The proton resonances of

the coordinated pyridine groups appear at � 6.02

and 2.91, significantly upfield compared to those of

the uncoordinated ligand. The protons closest to the

phthalocyanine experience the greatest shielding

due to macrocyclic diamagnetic ring currents,21 and

thus the signal at � 2.91 is assigned to the four pro-

tons adjacent to the pyridine N atoms. The signal at

� 6.02 is assigned to the pyridine protons adjacent to

the HBC groups. The dodecyl groups of the axial

ligands are observed as mostly broad multiplets in

the range � 3.04 – 0.89. Matrix-assisted laser despor-

tion/ionization time-of-flight(MALDI-TOF) mass spec-

trometry shows the decomplexed ligand as the ma-

jor species, the relatively weak Ru�N bonds

precluding observation of a molecular ion under

the range of conditions investigated.

The UV–visible spectrum of 2 is shown in Figure 1

(dashed and solid traces). The spectrum of 2 is similar

to a superposition of a spectrum of a typical [PcRu(py)2]

complex22 (where py are pyridine or substituted pyri-

dine ligands) and the spectrum of 1. This suggests that

there is little interaction between the HBC units of the

axial ligands and the metal complex. Although this is

consistent with the discotic axial ligands oriented in an

orthogonal configuration relative to the plane of the

central metallophthalocyanine discotic unit (i.e., dis-

torted octahedral coordination at Ru), molecular model-

ing studies were undertaken to confirm this geometry

(see below).

Self-Organized Nanostructures on Graphite. Thin films of 1
and 2 were prepared by depositing solutions of 1 or 2
in toluene onto HOPG surfaces. After solvent evapora-

tion, the samples were analyzed using a scanning tun-

neling microscope. Figure 2 shows STM images of 1 on

HOPG. Ordered areas are observed where the HBC mol-

ecules align into rows. A similar structural arrange-

ment has been previously reported for the symmetri-

cal, peripherally substituted HBC(C12H25)6
7 and the

lower symmetry pentaalkyl-substituted HBC(C12H25)5
16

compounds.

Line profile measurements (Figure 2) indicate an

inter-row spacing of �1.9 nm and an intra-row spac-

ing of �1.1 nm. The inter-row spacing is somewhat

smaller than the spacing of 2.64 nm reported for struc-

tures of the symmetrical dodecyl-substituted

Figure 2. STM images of ordered assemblies of 1 on HOPG. Samples were prepared by applying a 1 mM solution of 1 onto HOPG sub-
strates. (A) Large area image (inset: Fourier transform showing periodic pattern). (B) Magnified region from image A. (C) Image showing
the regions used for line profile measurements. Images are raw data except for C, which is contrast-enhanced and low-pass-filtered to ac-
centuate molecular features (using a SPIP Scanning Probe Image Processor26). Line profiles were obtained from raw data. STM images
were recorded under constant-current mode with a 30 pA tunneling current and a �500 mV bias voltage (indicating the STM tip is nega-
tive with respect to the substrate). STM constant current mode images have been recorded using scan rates of 10 –50 lines/s.
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HBC(C12H25)6 compound on HOPG19 and also the 2.48
nm spacing reported for HBC(C12H25)6 compound on
silicon dioxide.7 This suggests that there is a significant
degree of overlap between substituents on molecules
in adjacent rows, although we are unable to ascertain if
this occurs between dodecyl or pyridine groups.

The intra-row spacing of �1.1 nm is significantly
less than the distance of 1.94 nm reported for struc-
tures of the symmetrical HBC(C12H25)6 compound on
HOPG,19 where the discs lie flat on the surface, but sig-
nificantly larger than the value of 0.49 nm for
HBC(C12H25)6 on silicon dioxide,7 where the discs form
tilted columnar arrangements with cofacial distances of
0.34 nm (which match the cofacial distance of 0.35 nm
for bulk HBC(C12H25)6 from X-ray analysis).23 The cur-
rent data indicate that 1 does not lie flat on the graph-
ite surface but also does not form edge-on columnar
structures. Molecular modeling of 1 using Spartan24 in-
dicates a diameter of the HBC core of �1 nm and an
overall diameter including alkyl chains of �3– 4 nm.
These data suggest the molecules are canted with re-
spect to the surface. This is also indicated by the appar-
ent molecular heights, as shown in the line profile data,
where height variations between rows are significantly
greater than those along a row. It should be empha-
sized, however, that STM investigations of thiol-bound
SAMs on gold have found that heights measured by
STM are not necessarily the same as the physical film
thickness, as height data involve a convolution of elec-
tronic and physical properties.25 We also note that, due
to the dense packing, the apparent height does not

necessarily match the height of the molecular layer
with respect to the substrate, as the tip may be unable
to probe the substrate between the rows.

Figure 3 shows STM images of 2 on HOPG. Within re-
gions of the HOPG surface, molecules are aligned in
structures that extend well over 100 nm. In contrast to
the structures observed for 1, there are no nearby rows.
Line profile measurements are also shown in Figure 3.
These data reveal that the width of the structures is �7
nm, with an intra-row spacing of �1 nm. Although a
number of these structures could be observed in larger
area images (see Supporting Information), we note
that the solution casting preparation procedure used
here will invariably give some regional inhomogeneity,
as the gradient of concentration caused by the gradual
evaporation of the solvent leads to various concentra-
tions of molecules per surface area in a given sample. As
a consequence, some areas of the surface contained re-
gions where no ordering of the molecules was
apparent.

The geometry of 2 was investigated computation-
ally using the molecular mechanics method within the
Spartan24 program. The large number of atoms in the
structure of 2 (257 non-hydrogen atoms, 298 hydrogen
atoms) renders calculations at higher levels of theory
somewhat demanding. The smaller model complex
[RuPc{HBC(Me)5-4-py}2] was investigated to ascertain
the preferred disposition of the HBC-pyridine ligands
relative the phthalocyanine unit. The minimum energy
equilibrium geometry displays a planar metallophthalo-
cyanine core with axial pyridine groups close to nor-

Figure 3. STM images of ordered assemblies of 2 on HOPG. Samples were prepared by applying a 1 mM solution of 2 onto HOPG sub-
strate. (A) Large area image (inset: Fourier transform of large area image). (B) Higher magnification of A. (C) Line profiles of a section of
A. Images are raw data except for B, which is contrast-enhanced and slightly low-pass-filtered to accentuate molecular features (using
SPIP). The STM images were recorded under constant-current mode with a 6 pA tunneling current and a �700 mV bias voltage (indicat-
ing the STM tip is negative with respect to the substrate). STM current mode images were recorded using scan rate of 15 lines/s.
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mal (NPc–Ru–Npy � 88.5–91.6°). The pyridine ligands
are oriented �45° relative to the Ru–Pc bond vectors,

and a mutually orthogonal arrangement is marginally
lower in energy than a coplanar arrangement. Interest-
ingly, the plane of each pyridine intersects the Pc at the
non-coordinating ring N atoms, similar to the geom-
etry found in one of the few reported RuPc crystal struc-
tures.27 Repulsion between the hydrogen atoms ortho
to the HBC–py bond is reduced through an �80° twist.
The optimized geometry of 2 reveals that the ligands
are oriented similarly to those in the [RuPc{HBC(Me)5-4-
py}2] complex. A tip-to-tip length of 2 of �6.0 nm and
a distance of �3.7 nm spanning the two HBC core ex-
tremities was calculated (see Figure 4). These distances
closely match the experimental data obtained for 2 us-
ing STM. From this, we deduce that the structures such
as those shown in Figure 3 consist of a single, isolated
row of molecules of 2.

Figure 5 shows a packing arrangement consistent
with the experimental data supported by molecular
mechanics calculations. As a consequence of the or-
thogonal disposition, the metallophthalocyanine sits
edge-on to the surface, and the HBC ligands adopt
canted orientations. We suggest that the brighter spots
in the STM images correspond to the discotic units,
while the fainter regions observed on either side of the
brighter areas are attributed to the dodecyl chains.
Line profile measurements indicate a distance of 1.6 –
1.7 nm between the central bright spots and the adja-
cent bright spots, correlating well with the calculated
Pc-to-HBC distance (see Figure 4). A separation of 3.3
nm for the two outer bright spots also correlates well
with the calculated edge-to-edge distance between the
two HBC ligands. An apparent height of �0.25 nm for
structures of 2 is similar to that observed for structures
of 1, although again we are cautious in drawing strong
conclusions from height data obtained from STM ex-

periments. It is apparent, however, that combining
two types of discotic units, HBC and phthalocyanine,
leads to a dramatically modified surface structure com-
pared to that of the HBC ligand alone.

In the absence of significant aryl�graphite ���

interactions involving the discotic units,
CH2�graphite interactions between alkyl chains

and the graphite substrate are likely to be a driver

of monolayer formation by adsorption to
graphite.28,29 Several intra-row supramolecular inter-

actions that may drive the self-assembly process

have been identified in our 2D packing model (Fig-

ure 5B, green arrows): ��� stacking between offset

Pc units,30 ��� stacking between HBC units, and in-
terdigitation of dodecyl chains from adjacent mol-

ecules. The alignment of the HBC(C12H25)5 discotic

Figure 4. (A) Line profile data for structures of 2 on HOPG
as indicated in Figure 3C (blue line). (B) Space-filling struc-
tural diagram and dimensions for 2 from Spartan
calculations.

Figure 5. Packing arrangement of 2, consistent with the ex-
perimental data. (A) Magnified STM image overlaid with
packing of three molecules. The red circles indicate the posi-
tions of the underlying current peak maxima. (B) Packing de-
tail of the discotic units of 2 (C2�C12 of the dodecyl chains
omitted for clarity). The green arrows highlight important
supramolecular interactions within the row.
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units, relative to the surface, is restricted by the

bulky orthogonal RuPc unit and is intermediate be-
tween that of the face-on monolayer organization

observed for HBC(C12H25)5 and HBC(C12H25)6 in solu-

tion at HOPG sufaces16 and the edge-on packing of

HBC(C12H25)6 in zone-cast films on treated silica.7 In

the former, HBC�surface ��� interactions domi-

nate over HBC�HBC ��� interactions, whereas in
the latter the reverse is true.

CONCLUSION
We have synthesized a new HBC compound bear-

ing a pyridine group and a new coordination complex

of this ligand. STM experiments show that the ligand

and complex both form self-assembled structures on

HOPG. The HBC-pyridine ligand does not appear to lie

flat on the graphite surface nor form edge-on columnar

structures, but rather a canted orientation with respect

to the HOPG surface is indicated. STM experiments

show that the HBC-py RuPc complex forms long row-

like structures on HOPG. There is good correlation be-

tween the dimensions of the calculated molecular

structure and the features observed in STM images.

We propose that the metallophthalocyanine unit sits

edge-on to the surface and the HBC ligands adopt

canted orientations.

EXPERIMENTAL SECTION
General. 2-Bromo-5,8,11,14,17,-pentadodecyl -

hexa-peri-hexabenzocoronene and [PcRu(PhCN)2] were pre-
pared by literature procedures.16,20 Pyridine-4-boronic acid, pi-
nacol ester (Boron Molecular), tetrakis(triphenylphosphine)pal-
ladium(0) (Alfa Aesar), and potassium carbonate (Ajax) were
obtained commercially and used as received. 1H NMR spectra
were recorded using a Bruker Avance DRX instrument operat-
ing at 400 MHz and are referenced to residual protonated sol-
vent. MALDI-TOF mass spectra were recorded using a Micromass
TofSpec2E instrument with a 337 nm nitrogen laser, using
7,7,8,8-tetracyanoquinodimethane as matrix, and are reported
in the form m/z (assignment, relative intensity). UV–visible spec-
tra were recorded in a quartz cell on a Cary 4E spectrophotome-
ter, as chloroform (900 –250 nm) or carbon disulfide (900 –380
nm) solutions (we note that 2 is practically insoluble in CHCl3); re-
sults are reported in the form 	 (
).

Synthesis of 1. A mixture of 2-bromo-5,8,11,14,17,-
pentadodecylhexa-peri-hexabenzocoronene (200 mg, 0.139
mmol), pyridine-4-pinacol boronic ester (60 mg, 0.29 mmol), po-
tassium carbonate (282 mg, 2.0 mol), 1-hexanol (0.5 mL), tolu-
ene (10 mL), and water (6 mL) was placed in a Schlenk tube and
deoxygenated by purging with argon. Tetrakis(triphenylphos-
phine)palladium(0) (16 mg, 14 �mol) was added, and the mix-
ture was heated at 80 °C with rapid stirring for 20 h, followed by
cooling to room temperature. Dichloromethane (60 mL) was
added, and the organic phase was washed with aqueous potas-
sium carbonate and water, dried over magnesium sulfate, and fil-
tered. The filtrate was taken to dryness and purified by silica gel
column chromatography (dichloromethane/ethyl acetate/trieth-
ylamine (3%)) to afford 1 (136 mg, 0.094 mmol, 68%) as a yellow
powder. 1H NMR (3 � 10�3 M in CDCl3, 325 K): � 8.85 (d, J �
4.4 Hz, 2H), 8.28 (s, 2H), 8.23 (s, 2H), 8.15 (s, 2H), 8.06 (s, 2H), 7.95
(s, 2H), 7.82 (s, 2H), 7.57 (d, J � 4.4 Hz, 2H), 3.03, 2.98 (t, J � 7.8
Hz, 6H), 2.74 (t, J � 7.6 Hz, 4H), 1.99 (m, 6H), 1.84 (qt, J � 7.6 Hz,
4H), 1.75–1.24 (m, 90H), 0.90 (m, 15H). MS (MALDI-TOF): 1442.0
([M]�, 100), calcd for C107H141N, 1441.1. UV–vis (CHCl3, 7.6 �
10�6 M): 275sh (30 000), 316sh (16 700), 332sh (27 400), 350
(61 400), 365 nm (118 800), 395 (42 000), 407sh (23 300), 443
(3500), 449 (3040), 470 (1560) nm (L mol�1 cm�1).

Synthesis of 2. [PcRu(PhCN)2] (9.6 mg, 11.7 �mol) and 1 (35.1
mg, 24.4 �mol) were added to dichloromethane (10 mL), and
the mixture was heated at gentle reflux for 18 h under an ar-
gon atmosphere. The solution was cooled to room temperture,
and methanol (10 mL) was added to precipitate the product as a
flocculent green solid. The crude material was collected by filtra-
tion and purified by silica gel column chromatography (CHCl3/
CS2 1:1), with the product eluting first as a green band. After re-
moval of the solvent, 26.4 mg (7.6 �mol, 65%) of a dark green
powder was obtained. 1H NMR (3 � 10�4 M in CS2/CDCl3 7:3, 300
K): � 9.32 (m, 8H), 8.57 (s, 8H), 8.51 (s, 4H), 8.47 (s, 4H), 8.13 (s,
4H), 8.07 (s, 4H), 8.02 (m, 8H), 6.02 (d, J � 6 Hz, 4H), 3.04 (m, 12H),
2.91 (d, J � 6 Hz, 4H), 2.77 (br m, 8H), 1.93 (br m, 12H), 1.75 (br
m, 8H), 1.55 (qt, J � 5.2 Hz, 12 H), 1.47 (qt, J � 6.5 Hz, 8H), 1.43–

1.20 (m, 160H), 0.96 (t, J � 6.8 Hz, 12H), 0.89 (m, 18H). MS (MALDI-
TOF): 1440.8 ([1]�, 100), calcd 1441.1; [M]� is not observed. UV–
vis (CHCl3, 3.2 � 10�6 M): 325 (125 400), 368 (127 100), 444
(76 700), 460sh (68 600), 573sh (27 600), 640 (60 000) nm (L
mol�1 cm�1). UV–vis (CS2, 5.5 � 10�6 M): 406sh (100 000), 460
(41 600), 576 (25 500), 633 (67 200) nm (L mol�1 cm�1).

STM Experiments. The STM studies were carried out with a
Nanosurf EasyScan system under ambient conditions. STM tips
were prepared from Pt/Ir wire (80%/20%), mechanically cut un-
der ambient conditions. Samples were prepared by applying a
toluene solution (1 mmol L�1) of 1 or 2 onto a HOPG substrate.
STM piezoelectric scanners were calibrated laterally with graph-
ite (0001). All images were acquired in a constant current mode.
Typical imaging conditions are bias voltages of �0.2 to �1 V
(negative bias voltages indicate the STM tip is negative with
respect to the substrate) and a tunnelling current of 3 pA to
1 nA.

Molecular Modeling. Equilibrium geometry optimization was
achieved using the molecular mechanics method (MMFF94 force
fields) within the Spartan24 program. A range of strategically
chosen starting conformations involving the RuPc, pyridine, and
HBC(R)5 (R � H, Me) units were minimized to determine equilib-
rium geometry energy minima of the discotic components. As-
semblies of 2–5 RuPc{HBC(Me)5-4-py}2 molecules were also mini-
mized using molecular mechanics to determine the most likely
packing arrangements and identify significant intermolecular su-
pramolecular interactions (molecule�substrate interactions
were not included in the models). The dodecyl chains of 2 were
added manually to best reflect the packing observed within the
STM images.
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